Background--Waveform parameters derived from pressure-only Windkessel models are related to cardiovascular disease risk and could be useful for understanding arterial system function. However, prior reports varied in their adjustment for potential confounders.
R educed models of the arterial system offer the potential to elucidate underlying mechanisms of adverse effects of vascular dysfunction. By using pressure and flow 1 waveforms or pressure alone, [2] [3] [4] [5] modeling parameters have been derived that may predict risk for various cardiovascular disease (CVD) events. 6, 7 One proposed model is based on a 3-element reservoir-wave (Windkessel) circuit, 8 consisting of a proximal series resistance, analogous to characteristic impedance, and a distal resistor and capacitor in parallel (an integrator), representing peripheral resistance (R p ) and total arterial compliance (C p ), respectively. Reservoir pressure represents the pressure attributable to the interaction of C p and accumulated change in volume (inflowÀoutflow) of the arterial system throughout the cardiac cycle. The remaining excess pressure component is attributed to waves produced by left ventricular ejection. The model often includes an optimized asymptotic pressure (P inf ), defined as the pressure at which arterial outflow stops, analogous to critical closing pressure. 9 The pressure-only approach to waveform analysis is appealing because of easier implementation of cardiac risk assessment in a clinical setting. Various groups have reported different relations of this pressure-only method with clinical outcomes using different model assumptions, limited sample sizes, and variable adjustment for routinely assessed potential confounders, such as heart rate and systolic blood pressure (SBP). [2] [3] [4] [5] In addition, several studies used peripheral (radial)
arterial pressure waveforms, with or without mathematical transformations, as surrogates for central aortic pressure. 2, 4, 10 Directly measured carotid pressure waveforms may provide a closer substitute for central aortic pressure than those from other locations such as the radial artery. In many of the foregoing studies, optimized values for P inf were much higher than physiologic values for critical closing pressure. 11 High P inf values may be required to optimize the fit of the linear Windkessel model because of the distinctly concave shape of the mid-to-late diastolic pressure waveform, which is not well fitted by a simple monoexponential decay. Suboptimal fitting of a concave diastolic contour may be caused by failure of the linear model to account for nonlinearity of arterial stiffness and pressure-dependence of the time constant of diastolic pressure decay, s dias , which is assumed constant and equal to the product of R p and C p in a linear model. 12, 13 The goals of this analysis were 2-fold. First, we examined relations of P inf with pressure-dependence of s dias 8,12,13 in order to elucidate requirements for nonphysiologically high values for P inf in previously reported studies. 14 Next, we examined independent prognostic value of hemodynamic measures derived from a pressure-only Windkessel-wave analysis of central waveforms in a community-based sample using models that adjust for standard risk factors and other confounders such as heart rate.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Sample
The sample includes Framingham Heart Study participants who had tonometry and relevant covariates assessed at the Original cohort 26th examination (N=304) and Offspring cohort seventh examination (N=2661). Study design criteria were described previously. 15, 16 Participants with unanalyzable carotid or brachial waveforms (N=192, of whom 13 were Original cohort and 179 Offspring cohort) or prior CVD (N=234 of whom 62 were Original cohort and 172 Offspring cohort) were excluded from these analyses, resulting in the final sample (N=2539). The Boston University Medical Campus Institutional Review Board approved all study protocols, and participants provided written informed consent before participating in the study.
Noninvasive Hemodynamics
Blood pressure and arterial tonometry of the brachial, radial, femoral, and carotid arteries were obtained in the Framingham cohorts as described previously. 17 Once acquired, data were transferred to the Core Hemodynamics Laboratory (Cardiovascular Engineering, Inc, Norwood, MA), where analyses were done without knowledge of participant characteristics. Carotid tonometry recordings were used for the present waveform analysis. The tonometry waveforms were signal averaged using the simultaneously acquired electrocardiographic R-wave as the fiducial point. 17 The brachial waveform was calibrated using SBP and diastolic blood pressure values measured at the beginning of the study by using an oscillometric device (Dinamap, GE Critikon, Milwaukee, WI). The carotid waveforms were then calibrated by using diastolic blood pressure and integrated brachial mean arterial pressure. The calibrated carotid pressure waveform was used as a surrogate for central pressure. 18 
Waveform Modeling
Pressure waveforms were analyzed by using a segmental optimization approach. 19 First, the diastolic pressure contour was fitted by using a Nelder-Mead error minimization algorithm. 19 The systolic portion of the waveform was then optimized by finding a ratio (s ratio ) of diastolic (s dias ) to systolic (s sys ) tau that resulted in continuity at the dicrotic notch. For the linear model, s dias was optimized as a constant, pressureindependent value by using the following relation:
Clinical Perspective
What Is New?
• This study examined relations between Windkessel parameters and first cardiovascular disease events in a model that accounts for standard risk factors, including heart rate and systolic blood pressure. • The Windkessel model was modified to account for nonlinear pressure-dependence of compliance or resistance in order to better fit measured carotid waveforms without the need for a nonphysiologic asymptotic pressure (P inf ).
What Are the Clinical Implications?
• Windkessel parameters derived from a nonlinear model were related to incident cardiovascular disease events.
• A model that explains physiological vascular parameters, such as systolic and diastolic time constants, excess and reservoir wave amplitude and P inf , from readily accessible peripheral artery waveforms may be useful for point-of-care stratification of cardiovascular disease risk.
where P(t) is the pressure waveform at time t, P 0 is the optimized first point of the diastolic pressure fit at the end of systole (T es ), and P inf was either optimized or assumed constant (20 mm Hg). In order to avoid artifacts associated with the preejection period, the end of the diastolic optimization window (T ed ) was set to a point that was 1/12th of the diastolic period before the foot of the next cardiac cycle. If optimized, the values for P inf were initialized to 20 mm Hg and constrained to fall between 0 mm Hg and 95% of end diastolic pressure (P ed ), which was the pressure at T ed . Liu et al reported that experimentally determined pressurevolume data of human aortic arch segments are nonlinear and are well fitted by exponential, logarithmic, and quadratic functions of pressure. 20 Therefore, s dias for the nonlinear tau model was calculated by assuming a mixed linear and natural logarithmic pressure-volume relation, which was differentiated in order to derive a hyperbolic relation between pressuredependent tau, s(P), and pressure as follows:
where m is the slope and b is the y-intercept of the s(P) versus 1/P relation. The variables (m, b) in Equation 2 were optimized by using the Nelder-Mead algorithm. Before optimization, initial values for m and b were estimated by performing linear regression of observed s(t) versus 1/P(t) relations during diastole (T es to T ed ), where s(t)=P(t)/(dP(t)/dt) and dP(t)/dt was obtained by direct differentiation of the pressure waveform. Points with extreme values for s(t) (<0.2 or >20 s), which were attributable to noise in dP(t)/dt, were removed from the s(t) and P(t) arrays before fitting. Optimized values for m and b were used to calculate reservoir pressure. The value for tau at mean arterial pressure was calculated for the nonlinear tau model and compared with fixed s dias derived from the linear model. For linear and nonlinear methods, the systolic component of the reservoir pressure was derived by adjusting s ratio in order to achieve continuity with fitted diastolic pressure at the dicrotic notch (P 0 ). The equation that was used for reservoir pressure for the full cardiac cycle is:
where pRes is the reservoir pressure, i is the sample number, and Dt is the sample time interval. The portion of the equation to the left of the minus sign in the square brackets represents inflow and the portion to the right represents outflow. The value for s dias in Equation 3 is either constant (linear model) or a function of the optimized slope and intercept of the tau-pressure relation (Equation 2). The value for s sys was then calculated from s ratio and either the fixed or variable s dias . The value for s ratio was optimized by finding the first minimum in error, where error was defined as the single point difference between P res at T es and the first point of the fitted diastolic pressure curve (P 0 ). 19 Note that the variable, s ratio =s dias /s sys =(R p 9C)/(Z c 9C)=R p /Z c represents the ratio of total peripheral resistance (R p ) to characteristic impedance of the aorta (Z c ). Based on observations in the Framingham Offspring at a subsequent examination, when central aortic pressure and flow were measured, the upper limit for s ratio was set to the maximum value for the observed ratio, R p /Z c =22. 21 Finally, the excess pressure waveform was calculated by subtracting reservoir pressure from measured pressure at each timepoint.
For the linear model, parameters were fitted with allowance for an optimized variable P inf , which had a lower bound at 0 mm Hg and an upper bound at 95% of enddiastolic pressure. Linear models were also done with a fixed P inf of 20 mm Hg, which is consistent with values for critical closing pressures that have been reported in the literature. 11, 14 Waveform amplitudes were calculated as maximum pressureÀpressure at the waveform foot. Waveform integrals were defined as area under the pressure-time curve, not including area below the foot of the waveform. Figure 1 depicts a sample waveform with reservoir and excess pressure waveforms derived by using a nonlinear model. Figure S1 illustrates differences in Windkessel fits and diastolic concavity for linear models with variable and fixed P inf . We created a diastolic concavity index (DCI) as a measure of the degree of concavity of the measured and fitted curves. DCI was calculated as follows:
The reference triangle was formed using the 3 points (T es , P es ), (T ed , P ed ), and (T es , P ed ), where T es and P es are the time and pressure at the start of diastole and T ed and P ed are the time and pressure at the end of diastole, respectively. The crescent is the area bounded by the exponential fit of the nonlinear model and the hypotenuse of the reference triangle. Crescent areas that fall below the hypotenuse represent positive concavity.
We tested 3 models: pressure-dependent s(P) with fixed P inf , constant s dias with fixed P inf , and constant s dias with variable P inf . The first 2 models were used to determine the similarity of derived Windkessel variables from our proposed nonlinear model and the established linear model when P inf was held constant. P inf was fixed in order to determine whether the models can reach an optimal fit by altering other variables within a physiological range instead of setting P inf to an unrealistically large value. The last 2 models were used to examine the effects of variable P inf on other Windkessel variables in a linear model.
Outcomes
Major CVD events include fatal and nonfatal myocardial infarction, prolonged coronary insufficiency with ECG changes, heart failure, or stroke as previously reported. 17 CVD events were identified by using medical records of hospitalizations and physician visits during follow-up. These data were reviewed by 3 investigators for event classification.
Follow-up of participants extended through December 31, 2015.
Statistical Methods
Baseline characteristics of the sample were tabulated and presented as meanAESD unless otherwise noted. Windkessel measures were tabulated and, since all were skewed, results were presented as median (25th, 75th percentiles). For analyses, all Windkessel variables were transformed using the natural logarithm. Relations between nonlinear (pressuredependent) and linear (pressure-independent) models were evaluated using Pearson correlations. Relations between sample characteristics and Windkessel variables derived from the nonlinear model were evaluated using partial correlations adjusted for age and sex.
In order to examine the contribution of P inf to diastolic concavity of the linear compliance model, we examined relations of DCI of the fitted waveform with the pressure difference (P diff ) at end-diastole between the pressure waveform and asymptotic pressure (ie, P diff =P ed ÀP inf ). These analyses were performed separately for linear models with fixed and variable P inf . We hypothesized that smaller P diff would be associated with greater concavity of the fitted diastolic pressure waveform.
Covariates for primary outcome analyses were selected based on prior studies and included heart rate (beats/min) as well as components of the Framingham Risk Score: age (years), sex (M/F), total cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current smoking (Y/N), antihypertensive treatment (Y/N), diabetes mellitus (Y/N), and physician-acquired (clinic) SBP (mm Hg). 22 We examined associations between Windkessel variables and time to a first major CVD event using Cox proportional hazards regression models, after confirming that the assumption of proportionality was met. Covariates in Model 0 included age and sex only. Model 1 added total cholesterol, high-density lipoprotein cholesterol, smoking, antihypertensive medication use, and diabetes mellitus to Model 0. Clinic SBP was added in Model 2 and heart rate in Model 3. Windkessel variables were examined individually in the 4 sequential models. We used Model 3 to examine interactions with age, sex, and hypertension treatment for each of the Windkessel measures. All statistical analyses were done in SAS version 9.4. A 2-sided P<0.05 was considered significant.
Results

Characteristics of the Sample
After applying study inclusion criteria, we analyzed 2539 participants with mean age 63AE11 years and 58% women. Baseline characteristics of the sample are presented in Table 1 . Central hemodynamic measures and results for the variable tau Windkessel-wave model are presented in Table 2 . During follow-up (median 15.1 years), 459 (18%) participants had a first major CVD event (125 myocardial infarction, 11 coronary insufficiency, 168 heart failure, 125 stroke, and 30 CVD death).
Comparison of Linear and Nonlinear Model Fits With Fixed or Variable P inf
Descriptive statistics for Windkessel variables derived using linear and nonlinear models are presented in Table S1 . Values for s dias , s sys , and s ratio were lower in the linear model with variable P inf . DCI values for the linear model with fixed P inf were lower and had a more constrained range than values from the variable P inf and nonlinear models (median of 0.08 vs 0.20 and 0.18, respectively).
Relations of DCI with P diff (the pressure difference between P ed and P inf ) for linear models with fixed or variable P inf are presented in Figure 2 . In the linear model with fixed P inf , the range of DCI values was relatively constrained, initial diastolic error was relatively high (Table S1) , and correlation between inverse DCI and P diff was moderate (r 2 =0.27, Figure 2A ). In the linear model with variable P inf , values for P inf were high (median=54.5, first quartile=38.4, third quartile=64.9), values for DCI were higher and more broadly distributed, initial diastolic errors were lower (Table S1) , and the relation between DCI and P diff was hyperbolic; many cases had low values for P diff , indicating that P inf was at or near the upper bound (95% of P ed ). Inverse DCI with P diff was linear with a high degree of correlation (r 2 =0.86, Figure 2B ).
Relations between measured and optimized DCI values are presented in Figure 3 . In the linear model with fixed P inf , correlation between measured and optimized pressure waveform DCI was modest (r 2 =0.17, Figure 3A) . In the linear model with variable P inf , correlation between measured and optimized DCI improved dramatically (r 2 =0.75, Figure 3B ). In the nonlinear model with fixed P inf , there was a strong correlation between measured and optimized pressure waveform DCI (r 2 =0.78, Figure 3C ), despite the low value for P inf . The foregoing results are consistent with the hypothesis that, in a linear model, a relatively high value for P inf (low P diff ) is required in order to match model and measured DCI and minimize diastolic error. Partial correlation coefficients adjusted for age and sex for the comparison of nonlinear model results versus linear models with fixed or optimized P inf are presented in Table S2 . Correlations for s dias , s sys , and s ratio varied considerably. In contrast, amplitudes of pressure waveform components, including reservoir pressure amplitude, excess pressure amplitude, and excess pressure integral, were relatively highly correlated (r=0.81-0.97) across all models.
Partial correlation coefficients adjusted for age and sex of Windkessel variables, derived by using the nonlinear model, with various CVD risk factors, including clinic blood pressure and components of central blood pressure, are presented in Table S3 . s dias correlated moderately with age, female sex, pulse pressure, and diastolic pressure decay (P es ÀP ed ). s ratio correlated moderately with age, female sex, and pulse pressure. Reservoir and excess pressure variables were correlated with age, SBP, pulse pressure, diastolic pressure decay, and mean arterial pressure. All Windkessel variables except s sys correlated with central pulse pressure. Reservoir pressure amplitude was highly correlated with the diastolic pressure decay, suggesting that peak reservoir pressure is approximately equal to P es (Figure 1 ).
Relations of Windkessel Variables With Incident CVD Events
Relations of carotid Windkessel measures derived using the nonlinear model with CVD events are presented in Table 3 . In Model 0, s dias , reservoir pressure amplitude, and excess pressure amplitude were associated with events. In Model 1, s dias , s sys , and reservoir pressure amplitude were associated with events. After further adjustment for SBP (Model 2), only s sys remained associated with events. When heart rate was added (Model 3), s sys and reservoir pressure amplitude were associated with events. Interactions with age, sex, and hypertension treatment produced P>0.05, indicating no significant effect modification. Cox proportional hazards models for linear models with fixed or variable P inf are presented in Table S4 . In base Model 0 with adjustments for age and sex only, excess pressure amplitude and integral were associated with events. In Model 1, only excess pressure amplitude remained associated with events. When SBP (Model 2) and then heart rate (Model 3) were added, none of the Windkessel variables were associated with events.
Discussion
Relations of Windkessel Variables With Incident CVD Events
In our community-based sample, in models adjusted for standard risk factors, including clinic SBP and heart rate, s sys and reservoir pressure amplitude were nominally related to events when our fit was based on the nonlinear model with fixed P inf . In a traditional linear model with constant s dias and monoexponential pressure decay, Windkessel variables were not independently related to events in our community-based sample.
Previous studies examined the prognostic value of Windkessel variables derived from a linear pressure-only analysis. In the Kinmen Study and Cardiovascular Disease Risk Factors Community Study cohorts, Cheng et al concluded that systolic and diastolic time constants of the reservoir wave were associated with excess CVD risk. 2 In the Conduit Artery Function Evaluation study, Davies et al determined that excess pressure integral was related to events. 4 However, these studies did not account for heart rate as a potential confounder of Windkessel variables. In our linear model (Table S4) , we have shown that excess pressure variables were related to events in an age-and sex-adjusted model, but after adjustment for standard risk factors, SBP and heart rate, none of those relations remained significant. Other studies have adjusted for established risk factors and found persistent relations between Windkessel measures and CVD events in selected patient samples. Narayan et al examined a cohort of elderly, hypertensive patients and concluded that s sys was associated with risk. 3 While their analyses accounted for standard risk factors, the study had lower precision than our study because of the small number of events in their study. Hametner et al found that the amplitude of the reservoir wave remained significant in a model that adjusted for standard CVD risk factors. 5 However, observations in their high-risk patient sample with suspected coronary artery disease cannot be generalized for risk assessment in the community. While our linear model analysis does not find any of the Windkessel variables to be related to events, our analysis for the nonlinear model with fixed P inf aligns with outcomes of these studies. It is also worth noting that blood pressure values of our cohort are lower on average than other populations in this age group. The use of radial waveforms in the aforementioned articles (except for Narayan et al, who used carotid waveforms as in this article) could contribute to the discrepancy in excess pressure and s sys associations with our results in Table S4 (the linear tau method, fitting waveform parameters with the established Windkessel equations). However, s dias and reservoir pressure results should be the same based on the definition of a Windkessel model.
Relevance of Asymptotic Pressure
A monoexponential pressure decay in diastole, as predicted by a linear Windkessel model, does not fit many pressure waveforms adequately. Within the physiologic pressure range for diastole (ie, starting at an end-systolic pressure of %110 mm Hg and falling to %70 mm Hg), a simple monoexponential decay appears remarkably linear, whereas diastolic pressure contours generally are distinctly concave, particularly in older people. We hypothesized that this concavity may be because of nonlinear characteristics of the arterial system representing pressure dependency of compliance, resistance, or both. In a nonlinear model, s dias varies continuously with pressure throughout the cardiac cycle. 4, 12 For example, using the mean values for s dias slope and intercept and end-systolic and diastolic pressures, one can estimate that s dias increased by %50% between the onset and end of diastole in our sample. The resulting increase in s dias as pressure falls increases concavity of the diastolic pressure contour and eliminates the need for high P inf values in order to fit the diastolic pressure contour. An alternative interpretation of a high degree of concavity of a monoexponential decay is that the asymptotic pressure is near the minimum pressure (ie, that P inf is near diastolic pressure). In the latter case, the slope of the waveform will rapidly approach zero as diastolic pressure approaches P inf . However, direct measurements of pressure during prolonged asystole have shown that the pressure waveform decays to values that are well below diastolic blood pressure.
10 Figure 2 demonstrates the effect of P inf on the concavity of the waveform, as measured by DCI. There is a modest relation between the inverse of DCI and diastolic pressure difference (P diff ) when P inf is fixed. DCI is severely restricted in this model, even for visually concave waveforms, and the diastolic pressure difference reaches a floor value at %20 mm Hg. When the same variables are plotted for the variable P inf case, the relation is hyperbolic and DCI spans a wider range of values. When the inverse of DCI is plotted against the diastolic pressure difference, a strong linear relation is observed. Our observations indicate that high values for P inf in the linear model may help to match the concavity of measured and modeled pressures by serving as a surrogate for pressure dependence of compliance or resistance.
An important consequence of using variable P inf to optimize waveform fit is the effect on other optimized variables. As shown in Table S1 , when P inf was optimized, the resulting s dias was reduced by %50% as compared with models with fixed P inf . As a result, the optimized s ratio is also lower. In Table S2 , low correlations between values for s dias , s sys , and s ratio in the fixed and variable P inf models demonstrate that P inf variably alters these time-based waveform characteristics. Therefore, consideration of the pressure dependence of tau may be required in order to accurately characterize other Windkessel parameters. However, reservoir and excess pressure amplitudes were similar and highly correlated for linear and nonlinear models, suggesting that the approach to waveform fitting has only a modest effect on the amplitudes of these pressure waveform components.
This study has limitations that need to be considered. The Framingham Heart Study cohorts examined in this report consist of participants who are predominantly white and older, so these results may not be generalizable to younger age groups or different races and ethnicities. It is worth noting that blood pressure values of this cohort are lower on average than other populations in this age group. This study was observational; therefore, a causal effect cannot be determined for any of the Windkessel variables tested. This study assumes carotid artery measurements are a substitute for the central aorta. This study also assumes the pressure-volume relation of the arterial system is logarithmic, but there may be other models that represent the physiological relations more accurately. It is worth noting that noninvasive cuff measurements of diastolic blood pressure have been shown to be, on average, 5.5 mm Hg above intra-arterial values 23 ; therefore, true tau and P inf values may deviate from the calculated values in this article. In summary, our findings indicate that pressure dependence of tau needs to be incorporated into the reservoir-wave model in order to produce realistic optimized Windkessel parameters to describe the arterial system. With the foregoing refinement, we were able to demonstrate that Windkessel measures derived from pressure alone may provide independent CVD risk discrimination after accounting for standard risk factors and heart rate. We have previously shown that measures derived from pressure and flow (forward pressure wave amplitude) but not pressure alone (primary pressure wave amplitude) were predictive of events in models that included standard risk factors. 24 Future studies should examine the relevance of Windkessel model parameters when results are derived from measured pressure and flow. 
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